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We re-analyze the ZHη-vertex with the form Zµ(η∂
µH − H∂µη), where H is the 125 GeV
Higgs boson and η is an exotic pseudo-axion, based on the effective field theory (EFT) analysis
and choose the simplest little Higgs (SLH) model as an example. For a pure gauge singlet
pseudoscalar η, after carefully removing all off-diagonal two-point transitions, we show that
its coefficient cZHη cannot appear before O(ξ
3) level, where ξ is the ratio between the electro-
weak scale v and a high scale f . The same behavior arises in the simplest little Higgs (SLH)
model, which is quite different from the result that has already existed for a long time.
1 Introduction
The discovery of a 125 GeV Higgs boson (denoted as H) 1 indicates the success of the standard
model (SM). However, we usually believe that the SM itself is not the end of the theory, because
of some unsolved problems, such as the hierarchy problem, brayogenesis, or dark-matter origin,
etc. A tremendous amount of models have been built to solve these problems. In most extensions
of the SM, the scalar sector is also enlarged, for example, there may exist a pseudoscalar (denoted
as η). In general, η and H can interact with Z boson in the anti-symmetric form Zµ(η∂
µH −
H∂µη). This vertex can lead to new collider signatures, like the associated production of two
scalars or the cascade decay of the heavier scalar 2.
The little Higgs (LH) framework, including several models, were built to solve the little
hierarchy problem 3. Among those models, the simplest little Higgs (SLH) model 4 has the
minimal extended scalar sector, in which the only additional scalar is a pseudo-axion η. We
re-analyzed the ZHη vertex in this model and found that it should appear at O(ξ3) level 5
(where ξ ≡ v/f , v = 246 GeV is the electro-weak scale and f is the breaking scale of a global
symmetry) instead of O(ξ) level 6 which has already existed for long.
2 EFT Analysis on ZHη-vertex
In general, we consider the effective field theory (EFT) at electro-weak scale v 5. At scale
v, we assume the only exotic particle is a pseudo-axion η, which is a pure gauge singlet. To
dimension-5 and -6, consider the gauge and CP invariant operators with also η shift symmetry,
we have
O1 = i(∂µη)
(
φ†Dµφ
)
+H.c., and O2 =
(
φ†Dµφ
)(
(Dµφ)†φ
)
; (1)
which are possible to contribute to ZHη-vertex. Here φ ≡ ((v +H − iχ)/√2, G−)T is the Higgs
doublet in the SM and Dµ is the SM covariant derivation.
Consider the contribution from O1 and define ξ ≡ v/f as above where f is a high scale, the
Lagrangian can be expanded as
L = LSM + c1
f
O1 ⊃ (Dφ)2 + 1
2
(∂η)2 +
c1
f
O1 ⊃ 1
2
(
(∂H)2 + (∂χ)2 + (∂η)2
)
+ c1ξ(∂µη)(∂
µχ)
−mZZµ∂µ(χ+ c1ξη) + g
2cW
Zµ(χ∂
µH −H∂µχ)− g
cW
c1ξHZµ∂
µη. (2)
In general, we can parameterize the ZHη-vertex as L ⊃ cZHηZµ(η∂µH−H∂µη). We can extract
the anti-symmetric part from the last term in Eq. 2, and it naively shows a ZHη-vertex at O(ξ)
level. However, there are still unexpected two-point transitions left. The cross term between η
and χ means that further diagonalization in CP-odd scalar part is required, while the vector-
scalar transition implies that χ is not the exact Goldstone field eaten by Z boson. To the leading
order of ξ, we can perform the field redefinition
χ˜ = (χ+ c1ξη)
(
1 +O(ξ2)) , and η˜ = η (1 +O(ξ2)) , (3)
to remove these two-point transitions. Here χ˜ is corresponding Goldstone field of Z boson. After
this procedure, we show that the last two terms in Eq. 2 becomes
g
2cW
Zµ(χ∂
µH −H∂µχ)− g
cW
c1ξHZµ∂
µη
→ g
2cW
Zµ ((χ˜∂
µH −H∂µχ˜)− c1ξ(H∂µη˜ + η˜∂µH)) , (4)
which means cZHη cannot survive at O(ξ) level. It may appear at O(ξ3) or higher level.
The operator O2 can appear in the Lagrangian as c2O2/f2. This operator does not explicitly
contain η. However, it contribute an additional Zµ(χ∂
µH − H∂µχ) term with the coefficient
gc2ξ
2/(4cW ). Thus when the operator O1 also appears, the field redefinition χ → χ˜ in Eq. 3
can contribute to cZHη as gc1c2ξ
3/(4cW ) ∼ O(ξ3). Operators with higher dimension also cannot
contribute to cZHη before O(ξ3).
In summary, for a pure gauge singlet pseudoscalar η, cZHη can be induced at O(ξ3) or
higher level. For example, in the (SU(3)×U(1)/SU(2)×U(1))2 LH model 4 (known as the SLH
model), cZHη appears at O(ξ3) level 5 as expected. While in the (SU(4)/SU(3))4 LH model 4,
cZHη appears at O(ξ) level 6 because η mixes with the gauge doublet component at O(ξ) level.
3 An Example: ZHη-vertex in the SLH Model
3.1 Model Construction and Properties
The SLH is based on a global symmetry breaking patten (SU(3)×U(1))2 → (SU(2)×U(1))2 at
a high scale f and thus ten Nambu-Goldstone bosons are generated. The gauge group is also
enlarged to SU(3) ×U(1)X which means there exist eight massive gauge bosons. Thus eight of
the Nambu-Goldstone bosons are eaten by massive gauge bosons and two are left as physical
scalars. Two scalar triplets are nonlinear realized as 7
Φ1 = e
iΘ′eitβΘ
(
01×2
fcβ
)
, and Φ2 = e
iΘ′e
−i Θ
tβ
(
01×2
fsβ
)
. (5)
Here we define sβ ≡ sin β, cβ ≡ cos β, and tβ ≡ tan β, where β is a mixing angle between two
triplets. The matrix fields are defined as
Θ ≡ 1
f
(
ηI3×3√
2
+
(
02×2 φ
φ† 0
))
, and Θ′ ≡ 1
f
(
ζI3×3√
2
+
(
02×2 ϕ
ϕ† 0
))
; (6)
where φ is the usual Higgs doublet defined as above, ϕ ≡ ((σ− iω)/√2, x−)T and ζ are expected
to be the corresponding Goldstone fields of heavy gauge bosons. All fermion doublets should be
enlarged to triplets as well.
The gauge kinetic term should be (DΦ1)
2 + (DΦ2)
2 where Dµ ≡ ∂µ − igVµ with 7
Vµ ≡


1
2cW
Z +
(1−3s2X)
2
√
3cX
Z ′ 1√
2
W+ 1√
2
Y 0
1√
2
W− −sWA− c2W2cW Z +
(1−3s2X)
2
√
3cX
Z ′ 1√
2
X−
1√
2
Y¯ 0 1√
2
X+ − 1√
3cX
Z ′


µ
, (7)
where Y 0(Y¯ 0) ≡ (Y 1± iY 2)/√2 and θX ≡ arcsin(tW/
√
3). The heavy gauge bosons can acquire
there massses before the electro-weak symmetry breaking (EWSB) as mX = mY = gf/
√
2 and
mZ′ =
√
2/3gf/cX . Loop corrections can generate EWSB which gives the masses ofW
±, Z and
H 4. EWSB also induces further mixing between neutral massive gauge bosons and we denote
the mass matrix as M2V in the basis (Z,Z
′, Y 2). η remains massless because of an accidental
global U(1)-symmetry. If we add a soft U(1)-breaking term (or called µ-term) as µ2Φ†1Φ2+H.c.,
η can acquire its mass m2η ≈ 2µ2/s2β . The µ-term can also contribute to EWSB.
Assuming β ≥ π/4, direct dilepton resonance search at LHC 8 gives f & 7.5 TeV 9 thus
ξ ≡ v/f . 0.03 ≪ 1. We can also obtain f . 85 TeV and tβ . 8.9 from the Goldstone
scattering unitarity condition 10. The EWSB condition requires mη . 1.5 TeV as well
10.
3.2 Diagonalization of Scalar Sector and Cancelation of the Two-point Transitions
After expanding the (DΦ1)
2 + (DΦ2)
2 term, the Lagrangian contains
L ⊃ 1
2
Kij (∂µGi) (∂
µGj) + FpiV
µ
p ∂µGi +
1
2
(
M
2
V
)
pq
V µp Vq,µ. (8)
Here Gi runs over (η, ζ, χ, ω) as a pseudoscalar and Vp runs over (Z,Z
′, Y 2) as a neutral massive
gauge boson. After EWSB, we have K 6= I4×4 which leads to cross terms in scalar kinetic part.
The second term in Eq. 8 should be canceled through adding a gauge-fixing term.
We should choose another basis Si which is canonically-normalized. Define the inner product
〈Si|Sj〉 ≡ δij in the space spanned by Si (or Gi), we can obtain
〈Gi|Gj〉 =
(
K
−1)
ij
. (9)
With this relation, choose a basis G¯p = FpiGi, we have
〈η|η〉 = (K−1)11, 〈η|G¯p〉 = 0, and 〈G¯p|G¯q〉 =
(
M
2
V
)
pq
. (10)
Here M2V is just the neutral gauge boson mass matrix and can be diagonalized through an
orthogonal matrix R as
(
RM
2
VR
T
)
= m2pδpq. We thus can obtain a canonically normalized basis
(
η˜, G˜p
)
=
(
η√
(K−1)11
,
1
mp
RpqFqiGi
)
. (11)
After choosing the gauge-fixing term
LG.F. = −
∑
p
1
2ξp
(
∂µV˜
µ
p − ξpmpG˜p
)2
(12)
where V˜p denotes the mass eigenstate of a massive gauge boson, it is straightforward to show
that G˜p is exactly the corresponding Goldstone field of V˜p and the mass of G˜p is
√
ξpmp. After
the procedures above, all off-diagonal two-point transitions are canceled.
Divide F4×3 ≡
(
f˜1×3, F˜3×3
)
with the vector component f˜q ≡ Fqη, G˜p in Eq. 11 can be
re-expressed as G˜p = Rpq
(
f˜qη + F˜qiGi
)
/mp, or equivalently we have
Gi =
(
F˜
−1
R
T
)
iq
mqG˜q −
(
F˜
−1f˜
)
i
√
(K−1)11η˜. (13)
Eq. 13 means the original Goldstone degrees of freedom contain physical η field thus V HGi-
vertices can also contribute to the ZHη-vertex, just like the EFT analysis above.
3.3 Result of the ZHη-vertex
We can parameterize the V HGi-vertices as L ⊃ CpiV µp (Gi∂µH−H∂µGi) where Cpi is an element
of the 4 × 3 matrix C. Naively we have the coefficient of cZHη = CZη = −gξ/(
√
2cW t2β) ∼
O(ξ) which has existed for long 6. However, to obtain the physical vertex, we first need the
diagonalization procedure above.
The physical ZHη-vertex should be parameterized as L ⊃ c˜ZHηZ˜µ(η˜∂µH −H∂µη˜). Define
Υ ≡
√
(K−1)11
(
1
−F˜−1f˜
)
(14)
which is a 1× 4 vector to express the η˜ component in the fields (η, ζ, χ, ω). To the leading order
of ξ, it is straightforward to obtain
c˜ZHη = (RCΥ)Z = −
gξ3
4
√
2c3W t2β
∼ O(ξ3). (15)
For the details of the matrixes, please see the appendix. The final result Eq. 15 shows that
the ZHη-vertex can appear at O(ξ3) level, just like the behavior of EFT analysis above. The
cancelation at O(ξ) level arises because χ˜ = (χ+O(ξ)η) (1 +O(ξ2)) also holds for the SLH
model. The mixing between Z ′, Y 2 and Z also contribute to c˜ZHη at O(ξ3) level corresponding
to the O2 contribution in the EFT analysis.
4 Conclusions and Discussions
In this paper, we re-analyze the ZHη-vertex, Zµ(η∂
µH −H∂µη), based on EFT formalism. If
the pseudo-axion η is a pure SM gauge singlet, this vertex cannot arise until O(ξ3) level. As an
example, we choose the SLH model and calculate c˜ZHη, which is the coefficient of ZHη vertex.
To the leading order of ξ, we obtain c˜ZHη = −gξ3/(4
√
2c3W t2β) ∼ O(ξ3), which satisfies the EFT
analysis, but differs from the result which has already existed for a long time.
Because of the non-canonically normalized scalar kinetic part, there remain unexpected
two-point transitions. We provide the standard diagonalization procedure to remove these tran-
sitions, after which the contributions to c˜ZHη exactly cancels with each other at O(ξ) level. That
is the origin of the difference between the result in this paper and that in previous papers. That
also implies the importance to check the normalization in other models, especially in nonlinear
realized composite models.
The result c˜ZHη ∼ O(ξ3) implies the difficulties to test this vertex at future colliders di-
rectly through Hη associated production or H(η) cascade decay channels, because of the highly
suppression ξ3 < 3 × 10−5 ≪ 1. Besides this, the standard diagonalization procedure would
also modify the Yukawa interactions including η. For example, the ηf f¯ -vertices vanish for
f = u, c, b, ℓ at tree level 9, which is also different from previous results 6,7. Thus the phe-
nomenology of η should be completely re-considered in the SLH and similar models.
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Appendix
Here we list some details up to O(ξ3) during the calculation above.
The scalar kinetic matrix
K =


1 0
√
2ξ
t2β
− 7c2β+c6β
6
√
2s3
2β
ξ3 −√2ξ + 5+3c4β
3
√
2s2
2β
ξ3
0 1 − ξ√
2
+
5+3c4β
12
√
2s2
2β
ξ3 −2
√
2ξ3
3t2β√
2ξ
t2β
− 7c2β+c6β
6
√
2s3
2β
ξ3 − ξ√
2
+
5+3c4β
12
√
2s2
2β
ξ3 1− 5+3c4β
12s2
2β
ξ2 2ξ
2
3t2β
−√2ξ + 5+3c4β
3
√
2s2
2β
ξ3 −2
√
2ξ3
3t2β
2ξ2
3t2β
1


, (16)
and thus we have (K−1)11 = 1 + 2ξ2/s22β.
The vector-scalar transition matrix F ≡ (f˜ , F˜) with
f˜ = gf
(
1√
2cW t2β
ξ2,
ρ
t2β
ξ2,−ξ + 5 + 3c4β
6s22β
ξ3
)T
; (17)
F˜ = gf


− ξ2
2
√
2cW
ξ
2cW
− (5+3c4β)ξ3
24cW s
2
2β
ξ3
3cW t2β
1
ρ
− κ(1+c2W )ξ2√
2c2W
κξ − κ(5+3c4β)ξ3
12s2
2β
− 2κξ33c2W t2β
−2ξ3
3t2β
√
2ξ2
3t2β
1√
2

 . (18)
Here ρ ≡
√
3/2cX and κ ≡ (1− 3s2X)/(2
√
3cX).
The vector
Υ = c−1γ+δ


1
s2γt
−1
β − s2δtβ
(c2δtβ − c2γt−1β ) ξ√2
1
2(s2δtβ + s2γt
−1
β )

 =


1 + ξ
2
s2
2β
− ξ2
t2β
−
√
2ξ
t2β
− 3−c4β√
2t2βs
2
2β
ξ3
√
2ξ +
3−c4β
3
√
2s2
2β
ξ3


; (19)
where γ ≡ ξtβ/
√
2 and δ ≡ ξ/(√2tβ).
The V HGi-vertices matrix is
C = g


− ξ√
2cW t2β
+
(7c2β+c6β)ξ
3
6
√
2cW s
3
2β
ξ
2
√
2cW
− (5+3c4β)ξ3
12
√
2cW s
2
2β
− 12cW +
(5+3c4β)ξ
2
12cW s
2
2β
− ξ22cW t2β
− ρξ
t2β
+
ρ(7c2β+c6β)ξ
3
6s3
2β
ρξ
2 −
ρ(5+3c4β )ξ
3
12s2
2β
−κ+ κ(5+3c4β)ξ2
6s2
2β
κξ2
c2W t2β
1
2 −
(5+3c4β)ξ
2
4s2
2β
ξ2
t2β
− ξ√
2t2β
+
(7c2β+c6β)ξ
3
12
√
2s3
2β
0

 .
(20)
Last, we have the massive gauge boson mixing matrix as
R =


1 −κρ2ξ22cW −
√
2ξ3
3cW t2β
κρ2ξ2
2cW
1 −2
√
2(1+2c2W )κξ
3
3c2W t2β√
2ξ3
3cW t2β
2
√
2(1+2c2W )κξ
3
3c2W t2β
1

 , (21)
from which we have that the Z − Z ′ mixing appears at O(ξ2) level and Z − Y 2 mixing appears
at O(ξ3) level.
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